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Abstract Objective: To evaluate the
effect of increased intra-abdominal
pressure (IAP) on the systolic and
pulse pressure variations induced
by positive pressure ventilation in
a porcine model. Design and setting:
Experimental study in a research
laboratory. Subjects: Seven mechan-
ically ventilated and instrumented
pigs prone to normovolaemia and
hypovolaemia by blood withdrawal.
Intervention: Abdominal banding
gradually increased IAP in 5-mmHg
steps up to 30 mmHg. Measure-
ments and main results: Variations
in systolic pressure, pulse pressure,
inferior vena cava flow, and pleural
and transmural (LVEDPtm) left-
ventricular end-diastolic pressure
were recorded at each step. Systolic
pressure variations were 6.1 ± 3.1%,
8.5 ± 3.6% and 16.0 ± 5.0% at 0, 10,
and 30 mmHg IAP in normovolaemic
animals (mean ± SD; p< 0.01 for
IAP effect). They were 12.7 ± 4.6%,
13.4 ± 6.7%, and 23.4 ± 6.3% in
hypovolaemic animals (p< 0.01 vs
normovolaemic group) for the same
IAP. Fluctuations of the inferior vena
cava flow disappeared as the IAP
increased. Breath cycle did not induce
any variations of LVEDPtm for 0 and

30 mmHg IAP. Conclusions: In this
model, the systolic pressure and pulse
pressure variations, and inferior vena
cava flow fluctuations were dependent
on IAP values which caused changes
in pleural pressure swing, and this
dependency was more marked during
hypovolaemia. The present study
suggests that dynamic indices are not
exclusively related to volaemia in the
presence of increased IAP. However,
their fluid responsiveness predictive
value could not be ascertained as no
fluid challenge was performed.

Keywords Intra-abdominal hyperten-
sion · Systolic pressure variations ·
Echocardiography

Introduction

The effects of positive-pressure ventilation on systolic
pressure variations (SPV) have been intensively stud-
ied for several years but a clear understanding of the

pathophysiology has not been established. Nevertheless,
a pattern has emerged [1]. An increase in systolic arterial
pressure during the inspiratory phase of mechanical
ventilation is followed by a decrease during expiration [1,
2, 3]. Several publications described using the ventilation-
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induced cyclic fluctuations of systolic arterial pressure
to assess volaemia [4] or detect fluid responsiveness in
septic [5] or in postoperative patients [6]. Recently, special
attention has been focused on variations in arterial pulse
pressure [7] or aortic Doppler velocity [8] as predictors
of preload dependency of the heart. Most of these studies
have been performed in septic or postoperative patients
without any mention of their intra-abdominal pressure
(IAP),although the latter is often elevated in critically
ill patients [9]. The increase in IAP is likely to modify
some of the contributing factors to the cyclic circulatory
changes induced by positive-pressure ventilation. As there
is increasing interest in the use of respiratory-induced
circulatory variations to assess the volaemia in ventilated
critically ill patients, the effect of an increased IAP on
the circulatory changes during positive-pressure ven-
tilation should be evaluated. We hypothesized that the
increased IAP induced an increase in pleural pressure
swing contributing to the SPV increase. We therefore
studied in an experimental pig model the circulatory
changes induced by positive-pressure ventilation while the
IAP was progressively increased.

Materials and methods

Animals and anaesthesia

The experimental protocol was conducted in seven pigs
(weight 30–35 kg) according to the guidelines of the ani-
mal care committee of Claude Bernard University (Lyon,
France). The animals were the same as those used in
a previous paper describing the central effect of increased
intra-abdominal pressure [10]. After premedication, the
animals were anaesthetized with continuous infusion of
propofol (Diprivan 1%, 100 µg·kg–1min–1) and sufentanil
(1 µg·kg–1h–1). They underwent mechanical ventilation
(Servo ventilator 900C-Siemens-Elema AB, Solna, Swe-
den) in a volume-controlled mode and a FIO2 of 0.4.
Respiratory rate was 12 min–1, inspiratory:expiratory ratio
was 1/2, end-expiratory pressure was 0 cmH2O, and tidal
volume was set in order to maintain the end-expiratory
partial pressure of CO2 at 0 mmHg IAP within the normal
range. This tidal volume was not changed thereafter.

A fluid-filled catheter was placed in the carotid artery
to monitor arterial pressure and an additional catheter was
inserted into the contralateral internal jugular vein allow-
ing administration of intravenous drugs and fluids. An
8-cm air-filled latex cylindrical balloon (Marquat, Boissy-
St-Léger, France) was placed in the peritoneal cavity via
a stab wound to measure abdominal pressure. Ultrasound
transit-time flow probes were placed around the root of
the aorta (14 mm A series; Transonic Systems, Ithaca,
NY) and the inferior vena cava (16 mm S series; Tran-
sonic Systems) after median sternotomy and longitudinal
pericardiotomy. The left ventricle was catheterized with

a 20-cm fluid-filled catheter through a purse-string suture
via the apex of the left ventricle (LV), allowing free
movement of the heart. The pericardium was then partially
closed and suspended in a pericardial cradle. Finally,
the ultrasound transducer of a transoesophageal echocar-
diographic probe (5 MHz, Sonos 1500; Philips Medical
Systems, Andover, MA) was placed on the epicardium
in a position allowing a continuous monitoring of the LV
in the midpapillary short axis plane. Before closing the
chest cavity, drains were inserted in the pleural space and
another air-filled balloon was placed in the mediastinal
pleural cavity. All the signals of flows and pressures
were recorded using a multichannel recording system
(MP100; Biopac Systems, Santa Barbara, CA). In order to
modify the IAP, the abdomen was banded with a Velcro
belt maintained by three inextensible belts and a large
extra-abdominal inflatable balloon was positioned under-
neath. During the normovolaemic measurements, a lactate
Ringer’s solution was infused, the amount infused before
the measurements was intended to obtain an absolute
end-expiratory right atrial pressure greater than 5 mmHg
at 0 mmHg IAP.

Experimental protocol

After the surgical preparation, a 15 min stabilization pe-
riod was allowed. Respiratory, circulatory and echocardio-
graphic variables were recorded over 5 minutes under sta-
ble anaesthesia. Then the IAP was gradually increased by
5 mmHg increments up to 30 mmHg by inflating the bal-
loon. Circulatory variables were recorded during the last
5 minutes of each step. At the end of each step, disconnec-
tion of the ventilator over two breaths allowed us to record
the systolic arterial pressure during apnoea. At 30 mmHg
IAP, in addition to circulatory variables, a new echocardio-
graphic analysis was performed. IAP was then restored to
the initial value by releasing the abdominal banding. Fol-
lowing this, blood was withdrawn until the mean arterial
pressure stabilized at 60 mmHg. As most often the arte-
rial pressure was partially restored, a new withdrawal of
blood was necessary to stabilize the mean arterial pressure
at 60 mmHg. Once a hypovolaemic steady state was ob-
tained, a new progressive increase in IAP was realized, and
the same recordings were obtained.

Measurements and calculations

All circulatory data were averaged over five breaths.
Systolic and diastolic pressures were measured on a beat-
by-beat basis, allowing us to calculate pulse pressure as
the difference between systolic and diastolic pressure.
The maximal and minimal systolic and pulse pressures
within the breath were determined, and the SPV and pulse
pressure variation (PPV) were calculated as the difference
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between the maximal and minimal values. Comparisons
with the systolic pressure during apnoea allowed us to
calculate a ∆ up SPV, defined as the positive difference,
and a ∆ down SPV as the negative difference. From the
aortic flow recordings, stroke volume was obtained by
numerical integration. By using the same approach as
mentioned above for the pressure, the stroke volume
variations could be calculated. The pressure and volume
variations are expressed in absolute values in Table 1 and
in percent variation of their mean values in the figures.
The same measurements were applied to the vena cava
flow, allowing us to compute the inferior vena cava flow
variations during positive-pressure ventilation.

By using the airway pressure signal displayed on the
circulatory recordings, we selected eight specific beats
to perform a within-breath analysis. The first and the
second beats were before and after the onset of inspi-
ration. The third and the fourth were at the end of the
inspiration. The fifth and sixth beats were those at the
onset of expiration. Finally, the last two analyzed beats
were recorded at the end of the expiration. This method
allowed us to synchronize the recordings performed in
different animals with different heart rates. The dynamic
compliance of the respiratory system was calculated by
dividing the expiratory tidal volume by the maximal
airway pressure.

Echocardiography

Echocardiographic study consisted of an epicardium
short-axis view at the midpapillary level for analysis of
left-ventricular end-diastolic area (LVEDA). End diastole
was defined as the frame corresponding to the largest
LV cross-sectional area immediately after the R-wake
peak on the electrocardiogram. The LV end-diastolic

Table 1 Absolute values of systolic pressure variations, pulse pressure variations, stroke volume variations, and inferior vena cava flow
variations

IAP (mmHg)
0 5 10 15 20 25 30

Systolic pressure variation (mmHg)
Normovolaemic 6.0 ± 2.1 8.2 ± 3.2 10.5 ± 4.5* 13.5 ± 5.3* 15.1 ± 5.1* 17.1 ± 7.0* 19.3 ± 6.4*
Hypovolaemic 12.7 ± 2.5# 11.6 ± 3.9 12.6 ± 4.1 13.7 ± 3.7* 16.5 ± 3.9* 19.7. ± 4.5* 20.5 ± 4.2*
Pulse pressure variation (mmHg)
Normovolaemic 3.1 ± 2.6 4.1 ± 3.1 5.3 ± 3.3 6.2 ± 3.9* 7.5 ± 2.9* 8.1 ± 2.5* 8.9 ± 1.5*
Hypovolaemic 6.6 ± 3.0# 5.5 ± 3.3 4.8 ± 2.5 6.9 ± 3.5 7.5 ± 3.9 9.8 ± 3.3* 10.1 ± 2.8*

Stroke volume variation (ml.beat−1)
Normovolaemic 4.1 ± 3.2 5.7 ± 3.6 7.0 ± 3.1 10.1 ± 3.9 11..2 ± 3.5* 12.2 ± 3.6* 14.8 ± 3.5*
Hypovolaemic 7.7 ± 3.0 7.2 ± 4.3 7.6 ± 4.6 8.8 ± 4.1 9.8 ± 4.6 11.8 ± 3.6 11.9 ± 3.8*

Inferior vena cava flow variation (ml.beat−1)
Normovolaemic –21.6 ± 7.9 –21.4 ± 8.3 –15.6 ± 6.7 –10.1 ± 7.7 0.6 ± 4.7* 3.7 ± 3.7* 1.1 ± 4.8*
Hypovolaemic –18.6 ± 6.7 –15.6 ± 7.1 –4.0 ± 8.2* 0.8 ± 4.4* 2.1 ± 4.4* 3.1 ± 3.6* 3.1 ± 3.2*

*p < 0.05 versus IAP 0 mmHg; #p < 0.05 normovolaemic versus hypovolaemic group

cross-sectional area was measured by manual planimetry
of the area circumscribed by the leading edge of the LV
endocardial border. The anterolateral and posteromedial
papillary muscles were included within the ventricular
area. No further attempt was made in order to measure
end-systolic area within the breath. Indeed, the inter-user
variability of this area within the breath at 30 mmHg in
normovolaemic animals exceeded 10%, the commonly
held threshold value of reliable accuracy. The same was
true for LVEDA and end-systolic areas in hypovolaemic
animals. Indeed, in these animals, the areas of the left
ventricle were very small or even virtual during the
systole.

Statistical analysis

All results are expressed as mean ± SD. Data of cyclic
changes induced by positive-pressure ventilation as a func-
tion of IAP were analysed using a two-way analysis of
variance testing for volaemia and IAP effects. Data for
circulatory changes within the breath were analysed by
a three-way analysis of variance testing for volaemia, IAP,
and heart beat effects. As there were several measurements
for each effect, an interaction analysis was given by the
same analysis of variance. Analysis of variance was fol-
lowed by a Newman–Keuls post-hoc test when it showed
significance for comparison of mean values. For all com-
parisons, the null hypothesis was rejected when the calcu-
lated probability p value was less than 0.05. The depen-
dency of the SPV at 0 and 30 mmHg IAP was studied by
a linear regression analysis with the pleural pressure and
the stroke volume. Both 95% intervals of confidence were
calculated after a Fischer Z transformation [11].

The statistical analyses were performed using SPSS
11.5 for Windows (SPSS, Chicago, IL, USA).
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Results

Representative recording of pressures and flows over three
breaths are reported in Fig. 1. The increase in IAP from
baseline value to 30 mmHg induced significant changes
in PaO2 only in normovolaemic animals, from 192 ± 77
to 101 ± 58 mmHg; the variation was from 151 ± 68 to
126 ± 46 in hypovolaemic animals. PaCO2 significantly
increased from 47 ± 11 to 55 ± 8 and from 46 ± 8 to
57 ± 12 in normovolaemic and hypovolaemic animals, re-
spectively. The dynamic compliance of the respiratory sys-
tem significantly decreased in both groups: from 23 ± 6 to
11 ± 2 ml·cmH2O–1 in normovolaemic animals and from
22 ± 5 to 11 ± 2 ml·cmH2O–1 in hypovolaemic animals.

Cyclic circulatory changes induced by positive-pressure
ventilation as a function of IAP

In normovolaemic animals, the SPV steadily increased
with the IAP. In hypovolaemic animals, the SPV was
higher and remained unchanged for values of IAP lower
than 15 mmHg. Beyond this level the SPV increased in
a parallel manner to the other group. In both groups of
animals, this increase was ascribed to the ∆ up variation,
as no ∆ down increase with the IAP was noted. The
PPV followed a pattern similar to that of the SPV, and the
stroke volume variations were parallel to those of the pulse

Fig. 1 An illustrative example of
recordings of arterial pressure
(AP), inferior vena cava flow
(IVC Flow), stroke volume (SV),
pulse pressure (PP), left
ventricular pressure (LVP), and
pleural pressure (Ppl) over three
breaths at baseline IAP (left
column) and at 30 mmHg IAP
(right column). Increase in
systolic arterial pressure and
pulse pressure occurred during
inspiration with a parallel
evolution of the stroke volume at
baseline IAP. At 30 mmHg IAP,
the amplitudes of pressure
variations were greater than at
baseline IAP. The SAP
fluctuations were not strictly
parallel to the stroke volume and
pulse pressure variations. This is
the case at the end of the
inspiration during which the
stroke volume and pulse
pressure decreased whereas the
systolic arterial pressure still
increased. Whatever the IAP, the
evolution of LV end-diastolic
pressure and Ppl were parallel

pressure. Contrary to other circulatory data, the values
for inferior vena cava flow were lower during inspiration
than expiration. The inferior vena cava flow fluctuations
were cancelled as soon as the IAP was beyond 15 mmHg
and 10 mmHg in the normovolaemic and hypovolaemic
groups respectively. The pleural pressure variations were
similar between the two groups, whereas the transmural
left-ventricular end-diastolic pressure was consistently
higher in the normovolaemic group (Fig. 2, Table 1).

Cyclic circulatory changes in systolic arterial pressure
within breath at 0 and 30 mmHg IAP.

Systolic arterial pressure increased during inspiration and
decreased during expiration (Fig. 3). The amplitude of
the increase depended on the IAP for the two groups of
animals: it was low at an IAP of 0 mmHg and higher
at an IAP of 30 mmHg. The ∆ up was 1.0 ± 1.7 and
1.7 ± 1.2 mmHg at 0 mmHg IAP for the normovolaemic
and hypovolaemic groups, respectively. It was 8.8 ± 3.6
and 9.4 ± 3.2 mmHg at 30 mmHg IAP, respectively. The
∆ down was –3.8 ± 2.3 and –8.9 ± 1.3 mmHg at 0 mmHg
IAP, and –4.1 ± 3.5 and –5.5 ± 2.8 at 30 mmHg IAP, for
normovolaemic and hypovolaemic animals respectively.
The behaviour of pulse pressure was different. There was
no significant increase during inspiration, whatever the
IAP or the volaemia. Conversely, a decrease was noted



167

Fig. 2 Evolution of the cyclic
circulatory changes induced by
positive-pressure ventilation as
a function of intra-abdominal
pressure (IAP): systolic arterial
pressure (SAP), systolic pressure
variations (SPV), pulse pressure
variations (PPV), stroke volume
variations (SVV), pleural
pressure variations (∆ Ppl),
stroke volume (SV), negative
systolic pressure variations
(∆ down), positive systolic
pressure variations (∆ up),
inferior vena cava flow
variations (∆ IVC Flow), and
trans mural left ventricular
end-diastolic (LVEDPtm) for
normovolaemic group (closed
circles) and hypovolaemic group
(open circles). Analysis of
variance testing for the effect of
volaemia showed significance
for all the variables except for
∆ Ppl and ∆ up. There was
a significant interaction between
the two factors for PPV
(p = 0.03) and ∆ IVC Flow
(p = 0.005) variations. *p < 0.05
versus baseline IAP for all
variables; #p < 0.05 versus
normovolaemic group

during expiration at the highest level of IAP, whatever
the volaemia. The results observed for stroke volume
were parallel to those for pulse pressure, except for the
dependency on volaemia of stroke volume at high IAP,
which was not observed for the pulse pressure. SPV
correlated better with pleural pressure (r = 0.65, 95% CI
[0.56, 0.72]) than with stroke volume (r = 0.12, 95% CI
[–0.05, 0.20]).

Cyclic circulatory changes in inferior vena cava flow and
left ventricular size within breath at 0 and 30 mmHg IAP

Besides the dependency of the inferior vena cava flow on
the volaemia and the IAP, a clear contrast was observed
regarding the effect of the breath cycle between the two
levels of IAP (Fig. 4). At low IAP the inferior vena cava
flow fluctuated within the breath, whereas no fluctuation
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Fig. 3 Evolution of the systolic
pressure variations from the
pressure recorded during apnoea
(∆ SAP), pulse pressure (PP),
and stroke volume (SV) within
the breath cycle at 0 and
30 mmHg for normovolaemic
animals (closed circles) and
hypovolaemic animals (open
circles), at low IAP (0 mmHg –
left column) and high IAP
(30 mmHg – right column). The
heart beat numbers have been
synchronized by selection
among animals of specific beats
as shown in Fig. 1. Transition
from insufflation to expiration is
represented as a dotted vertical
line. The level of SAP during
apnoea is indicated by the
horizontal dotted line. Analysis
of variance testing for the effect
of volaemia showed significance
for SV but not for ∆ SAP
(p = 0.08) and PP (p = 0.08). The
same analysis confirmed an IAP
effect for all variables. An
interaction was observed
between the heart beat number
and the IAP for ∆ SAP.
*p < 0.05 versus baseline IAP
for all variables

was observed at 30 mmHg IAP. Whereas the transmural
left-ventricular end-diastolic pressure was dependent on
the volaemia, it was not dependent on the phase of the
breath, whatever the IAP level (Fig. 4). The same pattern
was observed for the LVEDA.

Discussion

The main finding of this study is that the cyclic circulatory
changes induced by positive-pressure ventilation were de-
pendent on the IAP. The cyclic circulatory changes of SPV,
PPV and stroke volume variations increased as the pleu-
ral pressure swing induced by the progressive change in
IAP was enhanced. However, these increases were more
marked in hypovolaemic than in normovolaemic animals.

Numerous previous publications have studied the
cyclic changes induced by mechanical ventilation [1,
3, 4, 5, 7]. The mechanisms of these variations involve
the increases in thoracic pressure and thoracic volume
on the right and left ventricular functions. The major
effect of mechanical ventilation on the venous return
may explain the sensitivity of the pressure-induced

variations on the volaemia. This dependency has led to
the commonly held assertion that patients experiencing
large pressure fluctuations during mechanical ventilation
are preload-dependent and that, if needed, they should
respond to a fluid loading challenge with an increase
in cardiac output [5, 12]. This interpretation relies on
the principles of heart–lung interactions developed in
physiological conditions or in specific critically ill pa-
tients with sepsis or in the postoperative period. Other
pathological conditions may limit the routine assessment
of preload by using cyclic circulatory change monitoring.
One such condition is the increase in the abdominal
pressure that is commonly observed in the general pop-
ulation admitted to adult ICUs [9, 13]. This high IAP
could interfere with the interactions linking the positive-
pressure ventilation to the observed cyclic circulatory
changes by at least two mechanisms. First, the IAP is
the pressure around the inferior vena cava and thus is
likely to modify the vena cava transmural pressure and
flow. Second, an increase in IAP is likely to alter chest
wall compliance and thus, for a given tidal volume, to
increase the tidal pressure swing. This positive-pressure
variation represents the forcing function applied to the
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Fig. 4 Evolution of inferior vena
cava flow (IVC Flow),
transmural left-ventricular
end-diastolic pressure
(LVEDPtm), left-ventricular
end-diastolic area (LVEDA), and
pleural pressure (Ppl) within the
breath cycle at 0 mmHg (left
column) and 30 mmHg (right
column) for normovolaemic
animals (closed circles) and
hypovolaemic animals (open
circles). The heart beat numbers
have been synchronized by
selection among animals of
specific beats as shown in Fig. 1.
Transition from inspiration to
expiration is the dotted vertical
line. Analysis of variance testing
for the effect of volaemia
showed significance for IVC
Flow and LVEDPtm but not for
Ppl. The same analysis
confirmed an IAP effect for all
variables. An interaction was
observed between the heart beat
number and the IAP for IVC
Flow and Ppl. Analysis of
variance testing for heart beat
number effect did not show any
significance for LVEDA and
LVEDPtm. *p < 0.05 versus
baseline IAP for all variables

circulatory system and any change in its amplitude is
likely to modify the pressure-induced variations of arterial
pressures.

The inferior vena cava flow fluctuations actually de-
creased with the progressive modification of the IAP. This
finding is in agreement with the concept of abdominal vas-
cular zone conditions as reported by Takata et al. [14]. At
low IAP, the driving pressure for the inferior vena cava
flow is the hydrostatic pressure gradient between the infe-
rior vena cava and the right atrium. Any increase in pleu-
ral pressure induced by positive-pressure ventilation led
to an increase in right atrial pressure. The inferior vena
cava pressure remained fairly stable as the pleural pres-
sure was only partially transmitted to the abdomen [15].
As a consequence, the pressure gradient for venous return
and thus the inferior vena cava flow decreased. The situa-
tion was quite different at high levels of IAP. In this condi-

tion, a phenomenon termed vascular waterfall has been de-
scribed to develop as the IAP is superior to the right atrial
pressure [14]. The gradient pressure for the venous return
became the difference between the intravascular venous
cava pressure and the IAP. Any fluctuation of the pleural
pressure and thus of the right atrial pressure had no more
influence on the backward driving pressure and therefore
on the vena cava flow. In the present study, the disappear-
ance of the vena cava flow fluctuations with the increasing
IAP is in agreement with this abdominal zone concept [14].
From a practical point of view, this observation should cau-
tion against fluid responsiveness interpretation of respira-
tory changes in inferior vena cava diameter in the case of
IAP greater than right atrial pressure [16].

The tidal pleural pressure swing increased with the
IAP changes. Increasing the IAP led to a marked decrease
in the respiratory system compliance as evidenced by
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the increase in airway pressure needed to insufflate the
tidal volume. This resulted in marked increase in pleural
pressure during inspiration at high IAP, whereas the
end-expiratory pressure was not modified, as the respira-
tory system is open to the atmosphere. This respiratory
mechanical modifications were in line with a previous
publication reporting a decreased respiratory system
compliance with an unchanged end-expiratory pleural
pressure as the IAP was increased to 20 cmH2O [17]. The
increase in positive pressure-induced arterial fluctuations
associated with the increase in the pleural pressure swing
may have at least three explanations: (1) The increase in
the IAP induced a progressive increase in intrathoracic
pressure, as indicated by the increased pleural pressure
swings, and therefore a relative hypovolaemia owing to
a redistribution of blood volume. Although this factor
is likely to play a role at the highest values of IAP as
a decrease in LVEDA was observed, a moderate value
of IAP was, on the contrary, associated with an increase
in thoracic blood volume [10]. This was observed in
our experiments as manifested by the increase in the
LVEDA [10] and in the transmural left-ventricular end-
diastolic pressure. Moreover, this finding was in line with
previous papers reporting an increase in heart volume sec-
ondary to a moderate increase in IAP at 20 cmH2O [17].
(2) The second explanation could be related to the
increased pleural pressure swing itself. Indeed, it has
been already reported that for the same volaemia, stroke
volume variations [18] or PPV [19, 20] were dependent on
the insufflated tidal volume and therefore on the induced
variation in pleural pressure. In fact, induced pressure vari-
ations depend not only on the part of the left-ventricular
Starling curve the forcing function is operating, in other
words the volaemia, but also on the amplitude of this
forcing function. However, this mechanism would have in-
duced a progressive increase in the left-ventricular preload
fluctuations which was not observed in the beat by beat
analysis. Similarly, this would have induced a preferential
increase in ∆ down with the increase in IAP, whereas we
observed a more marked increase in the ∆ up. This results
are in agreement with a previous study investigating the
determinants of pressure variation during positive-pressure
ventilation in anaesthetized cardiac surgery patients [21].
The authors found no consistent relationship between
the arterial pressure variations and the left-ventricular
areas estimated by transoesophageal echocardiography.
Moreover, in the present study there was no clear-cut
difference in the LVEDA pattern between 0 and 30 mmHg
IAP. (3) Finally, the role of the end-inspiratory pleural
pressure variations should be considered. The pleural
pressure was transmitted to the left ventricle and the
aorta inducing an increase in LVEDP and diastolic
arterial pressure during inspiration, as shown in Fig. 1.

The transmission of the pleural pressure to the aortic pres-
sure could explain why, during inspiration, the systolic
pressure increased at the end-inspiratory period whereas
the stroke volume was stable or even decreased. The mag-
nified inspiratory ∆ up we observed should be ascribed to
the increase in diastolic pressure induced by the pleural
pressure increase. The mechanism of pleural pressure
transmission may further explain the higher coefficient of
correlation between the systolic arterial pressure variation,
taken as the dependent variable, and the pleural pressure
compared with the stroke volume.

This experimental study suffers some limitations that
preclude any extension to clinical situations without cau-
tion. First, our animals had normal pulmonary and cardiac
functions before the IAP increase, whereas it was reported,
at least in experimental conditions, that an increase in
IAP induced a worsening of oedema in previously injured
lungs [17]. Our study confirmed that an increase in IAP
could deteriorate pulmonary gas exchange in previously
healthy lungs; in this respect, the putative protective role
of positive end-expiratory pressure was not evaluated. Sec-
ond, the sequences of IAP increases and of the volaemic
periods were not randomized. The increase in IAP as well
as the volaemic status is likely to modify the systemic
vascular resistance by catecholamine activation [10] or by
modification of pulmonary gas exchange. The relationship
between stroke volume variations and PPV depends on the
vascular tone: for the same stroke volume, the higher the
vascular tone, the higher the pulse pressure. However, in
our study, the stroke volume variations and PPV changed
in the same direction, and therefore the variation in arterial
tone could have only amplified the increase in PPV in
respect of the increase in stroke volume variations, or
could have magnified the observed difference between
the normovolaemic and hypovolaemic animals. Third,
although the IAP dependency of respiratory variations
in arterial pressure was evidenced, we may expect that
the animals would have been fluid responsive if a fluid
challenge had been performed as a relative redistribution
of intravascular volume might have occurred.

In conclusion, the present animal studies showed that
the changes in arterial pressure and inferior vena cava flow
induced by positive-pressure ventilation are dependent on
the IAP. This dependency was more pronounced in the case
of hypovolaemia. This finding does not preclude any direct
assessment of fluid responsiveness by SPV in the case of
increased IAP, as a relative redistribution of intravascular
volume might have occurred.
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